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Abstract. The observed power spectrum in redshift space appears distorted due to the pe-
culiar motion of galaxies, known as redshift-space distortions (RSD). While all the effects in
RSD are accounted for by the simple mapping formula from real to redshift spaces, accurately
modeling redshift-space power spectrum is rather difficult due to the non-perturbative prop-
erties of the mapping. Still, however, a perturbative treatment may be applied to the power
spectrum at large-scales, and on top of a careful modeling of the Finger-of-God effect caused
by the small-scale random motion, the redshift-space power spectrum can be expressed as a
series of expansion which contains the higher-order correlations of density and velocity fields.
In our previous work [JCAP 8 (Aug., 2016) 050], we provide a perturbation-theory inspired
model for power spectrum in which the higher-order correlations are evaluated directly from
the cosmological N -body simulations. Adopting a simple Gaussian ansatz for Finger-of-God
effect, the model is shown to quantitatively describe the simulation results. Here, we further
push this approach, and present an accurate power spectrum template which can be used
to estimate the growth of structure as a key to probe gravity on cosmological scales. Based
on the simulations, we first calibrate the uncertainties and systematics in the pertrubation
theory calculation in a fiducial cosmological model. Then, using the scaling relations, the
calibrated power spectrum template is applied to a different cosmological model. We demon-
strate that with our new template, the best-fitted growth functions are shown to reproduce
the fiducial values in a good accuracy of 1 % at k < 0.18hMpc−1 for cosmologies with
different Hubble parameters.
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1 Introduction
The large-scale structure observed via spectroscopic measurements exhibits anisotropies along
the line-of-sight direction. This is caused by the peculiar velocity of galaxies, and is referred
to as the redshift-space distortions (RSD) [1–6]. While the RSD complicates the cosmological
interpretation of the galaxy clustering data, on large scales, the size of the anisotropies is
known to be sensitive to the growth of structure [4], and can be used to test gravity on
cosmological scales (e.g., [7–14]). This is one of the main reasons why there are various
projects aiming at precisely measuring RSD which will uncover a large cosmic volume.
Future measurement of RSD is expected to further improve the statistical precision,
with which we will be able to tightly constrain or possibly detect the modification to gravity
on large scales. Toward a high-precision test of gravity, however, the theoretical template of
the redshift-space power spectrum or correlation function, as basic quantities to measure the
growth functions, also needs to be improved. While the effects of RSD are solely accounted for
by the simple mapping formula from the real to redshift spaces, due to the non-perturbative
nature of the mapping, the applicable range of linear theory prediction is fairly limited, and
corrections coming from the gravitational clustering and RSD become rather significant even
at k . 0.1hMpc−1. In particular, the so-called Finger-of-God (FoG) effect, arising from the
random motion of galaxies associated with small-scale clustering, appears non-perturbative
and it leads to a strong damping behavior in the large-scale amplitude of power spectrum
[15–45].
Nevertheless, there is a way to perturbatively describe the theoretical template of
redshift-space power spectrum, while keeping the non-perturbative FoG effect under control.
Among various approaches or proposals for redshift-space power spectrum, in this paper, we
shall consider the approach by [26, 27]. A crucial point of this approach is to decompose
the contributions into non-perturbative part and the terms which can be evaluated with per-
turbation theory (PT) calculation, starting with the exact expression. Based on the simple
proposition, the non-perturbative damping term is then separated out from the rest of the
– 1 –
contributions, for which we can apply the PT calculation. As a result, on top of the factor-
ized FoG damping term, the redshift-space power spectrum can be expressed as an infinite
series of correction terms which contains the higher-order correlations of density and velocity
fields. Ref. [26] derived the first non-trivial PT corrections relevant at next-to-leading order
(i.e., one-loop). Later, Ref. [27] has extended to include the correction terms relevant for
next-to-next-to-leading order calculations (i.e., two-loop).
On the other hand, Ref. [46] has investigated the validity and consistency of this ap-
proach by directly evaluating each of the correction terms with N -body simulations. While
the approach proposed by Refs. [26, 27] is shown to be a good description, they found an
important higher-order correction, for which the PT calculations by Ref. [27] was unable to
quantitatively describe. Adding the numerically calibrated correction terms, the model of
RSD is shown to reproduce the measured redshift-space power spectrum quite well.
In this paper, we further push this treatment toward a more accurate theoretical tem-
plate of redshift-space power spectrum. A goal of this paper is to present the template which
enables us to measure the growth functions in 1% accuracy (we will later define the growth
functions for density and velocity fields, which we denote by Gδ and GΘ, respectively). For
this purpose, any small flaw in the model prediction has to be eliminated. This is also the
case for PT calculations. As increasing the wavenumber, a small but non-negligible higher-
order correction become important, and a more elaborate PT calculation is required for a
quantitative estimate of such a contribution. Further, as it has been recently advocated, the
frequently used single-stream approximation for the PT calculation is rather sensitive to the
small-scale modes, and a proper way to control the UV-sensitive behavior is crucial. Hence,
in this paper, we adopt the hybrid treatment combining the PT calculation and N-body
simulations. That is, we use simulations to calibrate the systematics in the PT calculations,
and to measure the correction terms of the redshift-space power spectrum. While we shall
perform these calibration and measurements in a fiducial cosmological model, making use
of the scaling relation, the numerically tabulated theoretical template can be also applied
to different cosmological models. We demonstrate that with our template, the best-fitted
growth functions, Gδ and GΘ, are shown to reproduce the fiducial values remarkably well in
1% accuracy at k < 0.18hMpc−1 for cosmologies with different Hubble parameters.
This paper is organized as follows. In Sec. 2, we begin by briefly describing the PT-
inspired model of redshift-space power spectrum based on Refs. [26, 27, 46]. Then, we
discuss how to calibrate the systematics in the PT calculation and to measure the higher-
order corrections from N -body simulations. The measured or calibrated results from the
simulations are combined with PT predictions, and using a simple scaling relation, we show
that the tabulated template in fiducial cosmology can be used to predict the power spectrum
in different cosmological model. In Sec. 3, our newly constructed template is tested and the
accuracy of the growth rate measurement is checked. Finally, Sec. 4 is devoted to conclusion
and discussion.
2 Hybrid modeling of redshift-space power spectrum
In testing gravity with RSD, we are mostly interested in a possible deviation from the stan-
dard ΛCDM model which appears manifest at late-time evolution of the Universe. In such a
situation, the Universe basically follows the standard scenario of both the cosmic expansion
and structure formation at least until the time of last scattering surface. Then, the broad-
band shape of the matter power spectrum, including the acoustic signature originated from
– 2 –
the sound wave of the primeval baryon-photon fluid system, is basically the same one as
in the ΛCDM model, and is determined by the cosmic microwave background experiments.
Late-time evolution of the power spectrum may differ from each other among different dark
energy models, but the broad-band shape remains unchanged as long as we consider the linear
stage of structure formation, and this could also hold for a class of modified gravity models.
In what follows, we adopt the power spectrum determined by the Planck ΛCDM model as
our fiducial model, given by the parameters: nS = 0.97 ± 0.0060, Ωbh
2 = 0.022 ± 0.00023,
Ωch
2 = 0.12 ± 0.0022, h = 0.67 and A2S = 2.3 × 10
−9 [47]. In addition, assuming the
flat cosmology, we also examine four other cosmological models with different value of h:
h = (0.57, 0.62, 0.72, 0.77), fixing ωb and ωc.
2.1 Perturbative treatment of redshift-space power spectrum and beyond
As we mentioned in Sec. 1, all the effects in RSD is accounted for by the simple relation
between real and redshift spaces:
s = r +
v · zˆ
aH
zˆ, (2.1)
where r and s denote position vectors in real and redshift spaces, respectively, and v, a and
H are the physical peculiar velocity, the scale factor and the Hubble parameter. Throughout
the paper, we will work with the distant-observer limit, and choose zˆ direction as the line-of-
sight direction. Following the derivation of [26], we begin by writing down a non-perturbative
expression for redshift-space density power spectrum:
P (S)(k, µ) =
∫
d3x eik·x
〈
ej1A1A2A3
〉
, (2.2)
where we define
j1 = −i kµ,
A1 = uz(r)− uz(r
′),
A2 = δ(r) + ∇zuz(r),
A3 = δ(r
′) + ∇zuz(r
′).
Here, x = r − r′, u ≡ −v/(aH), and uz is the radial direction component of u. The µ
denotes the directional cosine of the angle between k and the line of sight. Eq. (2.2) has
been derived based on Eq. (2.1). Thus, apart from the assumptions of distant-observer limit
and single-stream flow in Eq. (2.1), Eq. (2.2) describes the non-perturbative nature of the
mapping from real-space density clustering to redshift-space density clustering.
The pairwise velocity field, A1, when expanded from the exponent, produces an in-
definite series of higher-order polynomials, illustrating that nonlinear mapping induces non-
perturbative non-Gaussian corrections in the two-point statistics. We rewrite the ensemble
average 〈ej1A1A2A3〉 in terms of the connected moments (cumulants) as [26]
〈ej1A1A2A3〉 = exp
{
〈ej1A1〉c
} [
〈ej1A1A2A3〉c + 〈e
j1A1A2〉c〈e
j1A1A3〉c
]
.
Then Eq. (2.2) is recast as
P (S)(k, µ) =
∫
d3x eik·x exp
{
〈ej1A1〉c
} [
〈ej1A1A2A3〉c + 〈e
j1A1A2〉c〈e
j1A1A3〉c
]
. (2.3)
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Note that the terms inside the brackets involve the squashing Kaiser effect, and when Taylor-
expanded, the higher-order polynomials give either a mild enhancement or suppression of the
power spectrum amplitude. On the other hand, in the presence of random velocity field, the
prefactor, exp
{
〈ej1A1〉c
}
, always leads to a strong damping of the power spectrum, and is
sensitively affected by small-scale virial motion. The so-called FoG effect arises from this
prefactor.
In theoretically modeling redshift-space power spectrum, the spatial correlation in the
exponential prefactor has been often ignored, and exp
{
〈ej1A1〉c
}
is assumed to be indepen-
dent of the separation vector x [22, 26, 48, 49]
P (S)(k, µ) = DFoG(kµσz)Pperturbed(k, µ),
where DFoG(kµσz) is the FoG term originated from the exponential prefactor, and we intro-
duce the free parameter σz, which is related to the line-of-sight velocity dispersion through
σ2z ≡
〈
u2z
〉
c
. The Pperturbed represents the Fourier transformation of the terms in the bracket
in Eq. (2.3).
In this paper, on top of this modeling, we will examine an extension to include a part of
spatial correlation in the exponential prefactor [36, 37, 46]. This is done by formally writing
Eq. (2.3) as
P (S)(k, µ) = DFoG1pt (kµσz)
∫
d3x eik·xDFoGcorr (kµ,x)
[
〈ej1A1A2A3〉c + 〈e
j1A1A2〉c〈e
j1A1A3〉c
]
.(2.4)
Here DFoG1pt (kµ) is the same as defined above, and the factor D
FoG
corr represents the exponential
prefactor which includes the spatial correlation. In what follows, for a functional form of
DFoG1pt (kµ), we adopt the Gaussian form:
DFoG1pt (kµσz) = exp
[
− (kµσz)
2
]
(2.5)
with σz being the free parameter describing the one–dimensional velocity dispersion.
In Eq. (2.4), while we need to keep the exponential prefactor DFoG1pt as non-perturbative
damping term, the rest of the exponential factors, ej1A1 , may be expanded in powers of j1,
and this would be validated as long as we are interested in the small j1. Collecting the terms
at O(j21) order, we have
DFoGcorr (kµ,x)
[
〈ej1A1A2A3〉c + 〈e
j1A1A2〉c〈e
j1A1A3〉c
]
≃ j01 〈A2A3〉c + j
1
1〈A1A2A3〉c
+j21
{
〈A1A2〉c〈A1A3〉c +
1
2
〈A21A2A3〉c − 〈uzu
′
z〉c〈A2A3〉c
}
+O(j31) . (2.6)
In the above, the zeroth-order term, 〈A2A3〉c, corresponds to the squashing Kaiser term at
linear order, and assuming the irrotational flow, this leads to the expression, Pδδ +2µ
2PδΘ+
µ4PΘΘ, with Θ being the velocity-divergence field, Θ ≡ −∇ · v/(aH) = ∇ · u. The rest of
the terms are regarded as higher-order corrections characterizing the nonlinear correlation
between density and velocity fields, and substituted into Eq. (2.4), they produce the following
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corrections [26, 27].
A(k, µ) = j1
∫
d3x eik·x 〈A1A2A3〉c,
B(k, µ) = j21
∫
d3x eik·x 〈A1A2〉c 〈A1A3〉c,
T (k, µ) =
1
2
j21
∫
d3x eik·x 〈A21A2A3〉c,
F (k, µ) = −j21
∫
d3x eik·x 〈uzu
′
z〉c〈A2A3〉c,
Thus, the model of redshift-space power spectrum examined in this paper is summarized
as [46]
P (S)(k, µ) = DFoG(kµσz)Pperturbed(k, µ) (2.7)
= DFoG(kµσz)
[
Pδδ(k) + 2µ
2PδΘ(k) + µ
4PΘΘ(k)
+A(k, µ) +B(k, µ) + T (k, µ) + F (k, µ)
]
.
In Ref. [46], the validity of the truncation in Eq. (2.7) has been investigated, and based on the
measurement of each correction term from the N -body simulations, the model is shown to
give an accurate prediction for the 2D power spectrum at k . 0.2hMpc−1. In what follows,
varying cosmological models, we will further investigate the accuracy of the prediction based
on Eq. (2.7), and study how well the model can be used for the theoretical template to
accurately estimate the growth functions.
2.2 High-precision modeling of PXY (k)
On large scales of our interest, where the gravitational clustering of matter/galaxy distri-
bution is still in the weakly nonlinear regime, the perturbation theory (PT) treatment is
supposed to work well, and one may use it as an accurate theoretical prediction. However,
frequently used single-stream approximation when performing the PT calculations is shown
to be very sensitive to the small-scale clustering to which the PT cannot be properly ap-
plied [50–52]. This is even true for the prediction at large-scales, and we must cure the UV
sensitive behavior in the PT calculations (e.g., [53–56]). Further, goal of this paper is to
exploit a method for a percent-level estimation of the growth functions. Even at large scales,
higher-order corrections that are usually ignored in the prediction at few-percent level might
play a role, leading to a non-negligible systematic error. Hence, in this paper, we consider a
hybrid approach in which the uncertainty or systematics in the PT-based prediction is cal-
ibrated and corrected with N -body simulations. For this purpose, we measured accurately
the power spectrum using 100 simulations with the box size of L = 1.89h−1Gpc and with
the number of particles N = 10243 [57] in the fiducial cosmology with h = 0.67, but we are
much interested in extending an accurate template in a given fiducial cosmology to those in
other cosmology models. We additionally generate 4 simulations, each of which has a unique
h = (0.57, 0.62, 0.72, 0.77), in order to test the accuracy of our estimated power spectrum for
different cosmologies.
First consider the power spectrum in a fiducial cosmology. We denote it by P¯XY (k, z)
(X,Y = δ or Θ). To compute the power spectrum by PT, we adopt the RegPT treatment
proposed by [26, 27]. This treatment is based on the resummed PT expansion referred to
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Figure 1. Left: Broad-band shape of the power spectrum for density field at z = 0.5. The results
for the fiducial cosmological model with h = 0.67 are plotted in top panel. The measured P¯δδ(k) and
the theoretical P¯ thδδ (k) are depicted as black dotted points and red dashed curve, respectively. The
theoretical curve is computed with RegPT [26, 27], assuming no systematics (i.e., O¯(n) → 0 limit). In
bottom panel, we examine the case in another cosmology model with h = 0.72. The measured Pδδ(k)
for new cosmology model is depicted as black dotted points. The calibrated Pδδ(k) using Eq. (2.23) is
plotted in red solid curve. Right: Fractional difference of the density power spectra at for cosmological
models with different value of h. The results at z = 0.5 are particularly shown. Black points represent
the results in fiducial cosmology, while the results in other models with (h = 0.57, 0.62, 0.72, 0.77) are
shown from top to bottom. Red solid curves represent the results based on the calibrated power
spectrum in Eq. (2.23) using the scaling relations (see text in Sec. 2.2).
as the multi-point propagator expansion [58], in which all the statistical quantities including
power spectrum are expanded in terms of the multi-point propagators. The expression of the
power spectrum, valid at two-loop order (i.e., next–to–next–to–leading order) is given by
P¯XY (k, z) = Γ¯
(1)
X (k, z)Γ¯
(1)
Y (k, z)P¯
i(k)
+2
∫
d3~q
(2π)3
Γ¯
(2)
X (~q,
~k − ~q, z)Γ¯
(2)
Y (~q,
~k − ~q, z)P¯ i(q)P¯ i(|~k − ~q|)
+6
∫
d3~pd3~q
(2π)6
Γ¯
(3)
X (~p, ~q,
~k − ~p− ~q, z)Γ¯
(3)
Y (~p, ~q,
~k − ~p− ~q, z)P¯ i(p)P¯ i(q)P¯ i(|~k − ~p− ~q|),
(X,Y = δ or Θ). (2.8)
Here, barred quantities are those computed in the fiducial cosmological model, and P¯ i is the
initial power spectrum. The function Γ
(n)
X is the (n+ 1)-point propagator. In RegPT treat-
ment, the propagators are constructed with standard PT calculations. While the standard
PT is usually applied to a limited range of wavenumber, incorporating the result of a partial
resummation in the high-k limit, a regularized prediction of the propagators is applicable to
a larger k [59].
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Let us see the two-point propagator Γ¯
(1)
X . The expression relevant at two-loop order is
summarized as
Γ¯
(1)
X (k, z) = exp
(
−G¯2δ γ¯
)∑
n
G¯XG¯
n−1
δ C¯
(1)
n (γ¯), (X = δ or Θ). (2.9)
Here, γ¯ is defined by γ¯ = k2σ¯2d/2 with σ¯
2
d being the dispersion of displacement field. The
σd is computed with the initial power spectrum through
1 σ¯2d =
∫ k/2
0 (dq/6π
2)P¯ i(q). The
coefficients C¯(n) in Eq. (2.9) are expressed in terms of the standard PT results, and including
the theoretical uncertainties, they are given by
C¯
(1)
1 (γ¯) = 1, (2.10)
C¯
(1)
3 (γ¯) = γ¯ + Γ¯
(1)
X,1−loop(k), (2.11)
C¯
(1)
5 (γ¯) = γ¯
2/2 + γ¯Γ¯
(1)
X,1−loop(k) + Γ¯
(1)
X,2−loop(k) + O¯
(1)
X,5, (2.12)
C¯(1)n (γ¯) = O¯
(1)
X,n, (2.13)
and C¯
(1)
n = 0 for even number of n. The G¯X denotes the density (X = δ) and velocity (X = Θ)
growth functions for the fiducial cosmology at the redshift z. These growth functions are the
key quantities to be estimated from observations accurately and precisely, and are related to
the linear growth factor D+ and linear growth rate f defined by f ≡ d lnD+/d ln a through
Gδ = D+ and Gθ = f D+. The function Γ
(p)
X,n−loop represents the standard PT (p + 1)-point
propagator at n-loop order, whose explicit expression is given in [60, 61]. The quantity
O¯
(1)
X,n characterizes the uncertainties or systematics in PT, which will be later calibrated
with N -body simulations. We assume that the uncertainties arise not only from higher-order
(three-loop) but also from two-loop order, partly due to the UV sensitive behavior of the
single-stream PT calculation.
Similarly, the expression of the three-point propagator, Γ¯
(2)
X (k, z) is given by
Γ¯
(2)
X (k, z) = exp
(
−G¯2δ γ¯
)∑
n
G¯X G¯
n−1
δ C¯
(2)
n ; (2.14)
C¯
(2)
2 (γ¯) = F¯
(2)
X (~q,
~k − ~q), (2.15)
C¯
(2)
4 (γ¯) =
γ¯
2
F¯
(2)
X (~q,
~k − ~q) + Γ¯
(2)
X,1−loop(~q,
~k − ~q) + O¯
(2)
X,4, (2.16)
C¯(2)n (γ¯) = O¯
(2)
X,n (2.17)
and C¯
(2)
n = 0 for odd number of n. Also, the expression of the four-point propagator, Γ¯
(3)
X (k, z),
relevant at two-loop order, is
Γ¯
(3)
X (k, z) = exp
(
−G¯2δ γ
)∑
n
G¯X G¯
n−1
δ C¯
(3)
n ; (2.18)
C¯
(3)
3 (γ¯) = F¯
(3)
X (~p, ~q,
~k − ~p− ~q) + O¯
(3)
X,3, (2.19)
C¯(3)n (γ¯) = O¯
(3)
X,n. (2.20)
Note that O¯(2) and O¯(3) represent the possible uncertainties.
1Note that choice of the upper bound of the integral has been specified in[60] in somewhat phenomenological
way, and there might be a possible uncertainty. However, it can be absorbed into O¯ in our prescription at
least perturbatively.
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Figure 2. Fractional difference between the measured P¯XY (k) and the predictions based on the
calibrated P¯ thXY (k) using scaling relations. The results are shown at z = 0.5 for the cosmological
model with h = 0.72, which differs from h = 0.67 in fiducial cosmological model. From top to bottom,
we plot ∆Pδδ, ∆PδΘ and ∆PΘΘ.
Fig. 1 compares the predicted density power spectrum with measured results from sim-
ulations at z = 0.5. The dashed curve in the top–left panel represents the prediction based
on Eq. (2.8), setting O¯
(m)
X,n → 0, which agrees very well with simulation at k . 0.1Mpc
−1. At
k & 0.1Mpc−1, discrepancies are manifest, and the predicted amplitude by RegPT rapidly
falls off. While this is partly due to the exponential factor, exp(−γ), in the multi-point
propagator, a lack of higher-order terms as well as a small systematics in the PT calculations
can sensitively affect the high-k prediction. Here, we characterize the difference between the
measured and predicted power spectra by P¯ resXY . We then divide the power spectrum into two
pieces:
P¯XY (k, z) = P¯
th
XY (k, z) + P¯
res
XY (k, z), (2.21)
where P¯ thXY represents the PT prediction with O¯
(m)
X,n → 0. Collecting all the uncertainties
introduced in the multi-point propagators, the residual power spectrum P¯ resXY is schematically
– 8 –
expressed as
P¯ resXY = G¯XG¯Y G¯
4
δ
{[
O
(1)
Y,5 + higher
]
P¯ i +
[
O¯
(1)
X,5 + higher
]
P¯ i,
+
∫ [
O¯
(2)
Y,4F¯
(2)
Y + higher
]
P¯ iP¯ i +
∫ [
O¯
(2)
X,4F¯
(2)
X + higher
]
P¯ iP¯ i,
+
∫ ∫ [
O¯
(3)
Y,3F¯
(3)
Y + higher
]
P¯ iP¯ iP¯ i +
∫¯ ∫ [
O¯
(3)
X,3F¯
(3)
X + higher
]
P¯ iP¯ iP¯ i
}
. (2.22)
Here, the uncertainty O¯
(m)
X,n is assumed to be small, and to be perturbatively treated. The
expression implies that apart from a detailed scale-dependent behavior, time dependence is
characterized by GXGYG
4
δ . Thus, once we calibrate the P¯
res
XY at a given redshift, we may use
it for the prediction at another redshift by simply rescaling the calibrated residuals. Further,
for cosmological models close to the fiducial model, the scale dependence of the higher-order
PT corrections is generally insensitive to the cosmology, and we may also apply the calibrated
P¯ resXY to other cosmological models.
To check if the scaling ansatz works well, we write the power spectrum in the cosmo-
logical model different from fiducial one as
PXY (k) = P
th
XY (k, z) + P
res
XY (k, z), (2.23)
where the power spectrum P thXY (k, z) is evaluated based on the PT predictions in the fiducial
model, given at Eq. (2.8), but the multi-point propagators are replaced with the rescaled
one:
Γ
(m)
X = exp
(
−G2X γ¯
)∑
n
GX G
n−1
δ C¯
(m)
n (γ), (m = 1, 2, 3)
with O¯
(m)
X,n → 0. The γX is the rescaled version of γ¯, defined by,
γX ≡
(
Gδ
G¯δGX
)2
γ¯. (2.24)
On the other hand, the residual power spectrum, P resXY , is simply evaluated with the calibrated
result in the fiducial model, P¯ resXY through
P resXY =
(
GX GY G
4
δ
G¯XG¯Y G¯4δ
)
P¯ resXY , (XY = δδ, δΘ, and ΘΘ). (2.25)
Bottom left panel of Fig. 1 shows the calibrated PT power spectrum using Eq. (2.23)
in the cosmological model with h = 0.72, depicted as red solid curve. The calibrated power
spectrum matches well with the measured result in N -body simulations at k . 0.3Mpc−1.
We then use Eq. (2.23) to predict the density power spectrum in cosmological models which
have different Hubble parameters. The results in the models with h = (0.57, 0.62, 0.72, 0.77)
are plotted in right panels of Fig. 1 (from top to bottom), shown as the fractional difference,
[Pδδ − P¯δδ ]/P¯δδ . For reference, we also plot in dotted horizontal lines the simple scaling
factor predicted by linear theory, i.e., (Gδ/G¯δ)
2 − 1. Up to k ∼ 0.1Mpc−1, the fractional
difference obtained from measured power spectra is consistent with linear theory prediction,
– 9 –
Figure 3. Higher-order correction in the redshift-space power spectrum, A(k, µ), at z = 0.5. Dividing
the function A into six pieces [see Eqs. (2.26) and (2.27)-(2.32)], the measured A¯n are plotted in black
solid curves for the fiducial cosmology. The measured An is also shown in red dotted points for another
cosmological model with h = 0.72 at the specific scales of k = 0.1 and 0.2Mpc−1. The red dashed
curves are the predictions based on the measured A¯n in fiducial model using the scaling relation at
Eq. (2.33).
but it exhibits a non–trivial scale-dependence at k & 0.1Mpc−1. The prediction based on
the calibrated PT power spectrum in the fiducial model fairly traces the measured results
at k . 0.2Mpc−1, indicating that our scaling treatment is successful. In Fig. 2, the scaling
treatment is further tested for PδΘ and PΘΘ in the fiducial model. The predicted power
spectra are pretty much consistent with measured results of power spectrum difference at
k . 0.2Mpc−1.
2.3 High-precision modeling of higher-order corrections
In similar manner to the power spectra PXY , we can proceed to a high-precision modeling of
the higher-order terms of the redshift-space power spectrum, i.e., A, B, T , and F . But, PT
prediction for T terms needs a rather higher-order calculation involving the multi-dimensional
integrals. Further, in our previous paper [46], we directly calibrated each term with N -body
simulations, and found that the measured T term is different from the PT prediction. For
these reasons, we here stick to a N -body-based modeling to the higher-order corrections, and
– 10 –
Figure 4. Higher-order correction in the redshift-space power spectrum, B(k, µ), at z = 0.5. Dividing
the function B into four pieces [see Eq. (2.37) and Appendix A], the measured B¯n are plotted in black
solid curves for the fiducial cosmology. The measured Bn is also shown in red dotted points for another
cosmological model with h = 0.72 at the specific scales of k = 0.1 and 0.2Mpc−1. The red dashed
curves are the predictions based on the measured B¯n in fiducial model using the scaling relation at
Eq. (2.37).
adopting the scaling ansatz of the growth factor dependence, the predictions will be made in
general cosmological models close to the fiducial ΛCDM model.
To begin with, let us consider the A term. From the explicit form, the A term is divided
into six pieces. Here, we specifically write down the expressions in fiducial cosmological model:
A¯(k, µ) = j1
∫
d3x eik·x 〈A1A2A3〉c
=
6∑
n=1
A¯n (2.26)
Note again that the barred quantities indicate those computed/measured in fiducial cosmo-
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Figure 5. Higher-order correction in the redshift-space power spectrum, F (k, µ), at z = 0.5. Dividing
the function F into three pieces [see Eq. (2.38) and Appendix A], the measured F¯n are plotted in
black solid curves for the fiducial cosmology. The measured Fn is also shown in red dotted points
for another cosmological model with h = 0.72 at the specific scales of k = 0.1 and 0.2Mpc−1. The
red dashed curves are the predictions based on the measured F¯n in fiducial model using the scaling
relation at Eq. (2.38).
logical model. The explicit form of A¯n is given below:
A¯1 = 2j1
∫
d3x eik·x 〈uz(r)δ(r)δ(r
′)〉c, (2.27)
A¯2 = j1
∫
d3x eik·x 〈uz(r)δ(r)∇zuz(r
′)〉c, (2.28)
A¯3 = j1
∫
d3x eik·x 〈uz(r)∇zuz(r)δ(r
′)〉c, (2.29)
A¯4 = 2j1
∫
d3x eik·x 〈uz(r)∇zuz(r)∇zuz(r
′)〉c, (2.30)
A¯5 = j1
∫
d3x eik·x 〈−δ(r)uz(r
′)∇zuz(r
′)〉c, (2.31)
A¯6 = j1
∫
d3x eik·x 〈−∇zuz(r)uz(r
′)δ(r′)〉c. (2.32)
These terms are measured from N -body simulations according to Ref. [46]. To apply the
measured results to the prediction in other cosmological models, we assume the scaling ansatz,
as similarly adopted in the prediction of power spectrum PXY. That is, assuming that the
scale-dependence of each term is insensitive to the cosmology, the prediction of each term is
made by simply rescaling the measured results. The proposition made here is that the time-
dependence of each term is approximately determined by the leading-order growth factor
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dependence of uz and δ. Then, A term in general cosmological model is expressed as
A(k, µ) =
6∑
n=1
An (2.33)
=
(
Gδ/G¯δ
)2 (
GΘ/G¯Θ
)
A¯1 +
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)2
A¯2 (2.34)
+
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)2
A¯3 +
(
GΘ/G¯Θ
)3
A¯4 (2.35)
+
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)2
A¯5 +
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)2
A¯6 (2.36)
In Fig. 3, using the measured A¯n in fiducial model (black solid), the predictions are made
in different cosmological model with h = 0.72, depicted as red dashed lines. These are
compared with the direct measurement results, shown as red filled symbols. In each panel
of Fig. 3, the results are plotted as function of µ for specific wavenumbers k = 0.1Mpc−1
and k = 0.2Mpc−1, and we find that the prediction and measurements reasonably agree well
with each other. Since the predicted values of An are found to be sufficiently accurate even
at k = 0.2Mpc−1, we do not consider any systematics and uncertainties arising from the
higher-order growth function dependence.
We then apply the same strategy to other higher-order corrections, B, F and T . Dividing
these corrections into several pieces, the scaling ansatz leads to the following predictions:
B(k, µ) =
4∑
n=1
Bn (2.37)
=
(
Gδ/G¯δ
)2 (
GΘ/G¯Θ
)2
B¯1 +
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)3
B¯2
+
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)3
B¯3 +
(
GΘ/G¯Θ
)4
B¯4
F (k, µ) =
3∑
n=1
Fn (2.38)
=
(
Gδ/G¯δ
)2 (
GΘ/G¯Θ
)2
F¯1 +
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)3
F¯2 +
(
GΘ/G¯Θ
)4
F¯3
T (k, µ) =
7∑
n=1
Tn (2.39)
=
(
Gδ/G¯δ
)2 (
GΘ/G¯Θ
)2
T¯1 +
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)3
T¯2 +
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)3
T¯3
+
(
GΘ/G¯Θ
)4
T¯4 +
(
Gδ/G¯δ
)2 (
GΘ/G¯Θ
)2
T¯5 +
(
Gδ/G¯δ
) (
GΘ/G¯Θ
)3
T¯6 +
(
GΘ/G¯Θ
)4
T¯7
Here, the quantities B¯n, F¯n, and T¯n are measured in the fiducial cosmological model. Def-
inition and explicit form of each quantity is presented in Appendix A. Figs. 4, 5 and 6
respectively show the quantities Bn, Fn, and Tn, plotted as function of µ. As similarly shown
in Fig. 3, for specific wavenumbers k = 0.1Mpc−1 and 0.2Mpc−1, the measured results in
fiducial model are depicted as black solid lines, while the the predictions based on the scal-
ing ansatz are shown in red dashed lines, which are compared with direct measurements
(red filled circles) in the cosmological model with a slightly different value of h. The results
show that the simple scaling ansatz also works well for all higher-order corrections, and sug-
gests that the approach examined here can be used as a high-precision template, at least at
k . 0.2Mpc−1.
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Figure 6. Higher-order correction in the redshift-space power spectrum, T (k, µ), at z = 0.5. Dividing
the function T into seven pieces [see Eq. (2.39) and Appendix A], the measured F¯n are plotted in
black solid curves for the fiducial cosmology. The measured Tn is also shown in red dotted points
for another cosmological model with h = 0.72 at the specific scales of k = 0.1 and 0.2Mpc−1. The
red dashed curves are the predictions based on the measured T¯n in fiducial model using the scaling
relation at Eq. (2.39).
3 Testing power spectrum template: accurate estimation of growth func-
tions
In this section, we test our hybrid theoretical template, and applying it to the simulation
data of power spectrum, we demonstrate that the best-fitted values of the growth functions
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Figure 7. Redshift-space power spectrum at z = 0.5, measured from N -body simulations. The mean
values of the power spectrum, P˜ob(k, µ), are estimated using 100 realizations of the simulation data,
and results are plotted as function of directional cosine µ at the wavenumbers k = 0.055, 0.075, 0.095,
0.115, 0.135, 0.155, 0.175, 0.195, and 0.215 hMpc−1 (from top to bottom), together with their 1σ
error.
consistently reproduce those assumed in the simulations.
3.1 Parameter estimation
We first measure the power spectrum in 2D space from the simulations for each cosmological
model, which is later fitted by the theoretical template. The output data of dark matter
particles at z = 0.5 are taken from the 100 realizations of the simulations as we described in
Sec. 2.2. The measurement is then performed in grid space from the grid-assigned density
field using the fast Fourier transform, and the resultant data are stored in k and µ bins at
0.01hMpc−1 < k < 0.3hMpc−1 and 0 < µ < 1 with the bin size of ∆k = 0.01hMpc−1
and ∆µ = 0.1. In Fig. 7, the measured result of the power spectrum is presented in fiducial
cosmological model, at the specific wavenumber bins of k = 0.055, 0.075, 0.095, 0.115, 0.135,
0.155, 0.175, 0.195, and 0.215 hMpc−1 (from top to bottom). Provided the power spectrum
data in each cosmological model, we next compare it to the theoretical template given at
Eq. (2.7), and the growth functions for density and velocity fields, Gδ and GΘ, are estimated,
marginalizing over the nuisance parameter σz that characterizes the strength of FoG damping,
for which we assume the Gaussian form [see Eq. (2.5)]. Thus, the number of parameters to
be determined is three. Since the power spectrum template involves several correction terms
in Eq. (2.7), we will examine different combinations of A, B, F and T terms to see which
combination gives the best estimate for the growth functions Gδ and GΘ. The combinations
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Figure 8. Best-fit values of Gδ (left) and GΘ (right) as function of kmax at z = 0.5. The errorbars
indicate the 1σ statistical error among 100 realizations. The results are obtained from theoretical
templates with various combinations of correction terms. From top to bottom, the template include
the corrections A+ B (theory), A + B, A+ B + T , and A +B + T + F . Note that these correction
terms were measured from N -body simulations in fiducial cosmology except for top panel, where PT
treatment is used to evaluate A+B terms.
we examined below include, A + B (theory), A+ B, A + B + T , and A + B + F + T . The
analysis of parameter estimation is performed with Markov chain Monte Carlo technique
based on the χ2 given by
χ2 =
imax∑
i=imin
10∑
p=1
10∑
q=1
[P˜obs(ki, µp)− P˜model(ki, µp)]Cov
−1
pq (ki)[P˜obs(ki, µq)− P˜model(ki, µq)] ,(3.1)
where the quantities P˜obs and P˜model are the measured and template power spectra, re-
spectively . Setting the minimum wavenumber kmin to 0.01hMpc
−1, we will examine the
parameter estimation varying kmax. Here, the error covariance of the measured power spec-
trum, Cov, is assumed to be described by the Gaussian covariance with the non-vanishing
diagonal element given by σ[P˜obs(k, µ)] = P˜obs(k, µ)
√
2/N(k, µ), whereN(k, µ) is the number
of Fourier modes in each (k, µ)-bin. Then, the inverse covariance, Cov−1, becomes
Cov−1pp (ki) =
1
σ[P˜ob(ki, µp)]2
. (3.2)
3.2 Results
Let us first see if our modeling of RSD really works well to describe the power spectrum
without any systematics and uncertainty. To do this, we examine the parameter estimation
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Figure 9. Left: Residuals of the best-fit power spectrum, i.e., P˜model(ki, µp) − P˜obs(ki, µp), plotted
as function of µ at k = 0.055, 0.095, 0.135, 0.175 hMpc−1. For the templates with A + B (theory),
A + B, A + B + T and A + B + T + F , the results are shown in red-triangles, blue squares, black
circles, and green star dots, respectively. The solid curves represent the 1σ errors estimated from
100 simulations. Right: The χ2 values of the best-fit power spectra for various combinations of the
correction terms shown in left panels. From top to bottom, the results for the templates with A+B
(theory), A+B, A+B + T and A+B + T + F are respectively plotted against kmax.
in the fiducial cosmological model, and instead of employing the PT calculations, we stick to
the N -body data to compute the theoretical template not only for the correction terms (i.e.,
A, B, T and F terms) but also for the power spectra P¯δδ , P¯δΘ and P¯ΘΘ.
Fig. 8 shows the best-fit values and their 1σ marginalized error for the growth functions
Gδ (left) and GΘ (right), plotted against kmax. The results are summarized for the theoretical
templates with different combinations of the correction terms: A + B, A + B + T and
A+B+F +T (from the second top to bottom). For reference, the top panels similarly show
the cases when the template includes the corrections A+B, but different from the second top
panels, A+B terms are here obtained from the PT calculations. Then, the best performance
of the parameter estimation comes from the template with A+B+T combination, not with
the full A+B+F+T combination. The reason for this may be ascribed to the multi-streaming
motion of dark matter particles, which approximately cancels the higher-order correlation F
[57]. The template with A + B gives a poorer estimation for the growth function Gδ , and
employing the PT calculations, the discrepancy becomes prominent even for Gθ, partly due
to the systematics in the PT prediction.
To see more quantitatively whether the best-fit results of the theoretical template con-
sistently reproduce the measured power spectrum or not, we evaluate the differences between
the best-fit and measured results, i.e., P˜model − P˜obs, and plot the residuals in left panels of
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Fig. 9. The red triangle, blue square, black circle and green star dots represent the results
based on the template including A + B (theory), A + B, A + B + F and A + B + F + T ,
respectively. At small µ, most of the results are within the statistical error depicted as solid
black curves, however, a large discrepancy is manifest at µ→ 1, where the non-perturbative
effect of RSD becomes significant. As a result, the template including A + B + T shows
the best performance. This is indeed manifest if we evaluate the best-fit χ2, shown in right
panels of Fig. 9. Hence, we conclude that with the template including A + B + T terms,
unbiased estimation of the growth functions Gδ and GΘ is possible at kmax . 0.18hMpc
−1,
below which the best-fit result consistently reproduces the measured power spectrum.
Let us then demonstrate that using the scaling relation, our calibrated template in
the fiducial cosmology can also work well in other cosmological models. Fig. 10 shows the
results of the parameter estimation in cosmological models with different value of h. Here,
the template power spectrum P˜ob(ki, µp) including the A + B + T corrections is computed
in the fiducial cosmology of h = 0.67, and using the scaling ansatz, the growth functions
are determined by fitting the template to the measured power spectrum at k . kmax =
0.18hMpc−1. The best-fit value of the growth functions recovers the one in the cosmological
model, and the accuracy of the parameter estimation reaches at 1% level. Although the
present study restricts the analysis in the ΛCDM models just varying h, the power spectrum
template as well as our methodology can be applied to a wide class of cosmological models as
long as the broadband power spectrum shape remains the same one as in the ΛCDM model,
and the scaling relation in previous section holds. Thus, Fig. 10 implies that the accuracy
to estimate the growth functions is expected to hold in general dark energy and/or modified
gravity models, in which the cosmic expansion and (scale-independent) growth of structure
are different from ΛCDM predictions.
4 Conclusion
In this paper, with the aid of both the PT calculations and N -body simulations, we have
presented a hybrid model of redshift-space power spectrum, which enables us to estimate
the growth functions with 1% accuracy. Adopting the treatment by Ref. [26, 27], we first
presented the model in which the non-perturbative effect of RSD is separated out, and the rest
of the contributions can be computed perturbatively. To make any systematic uncertainty or
small flaw under control, we consider the approach by Ref. [46], and each of the contributions
in the power spectrum template has been calibrated or measured with N -body simulations
in fiducial cosmological model. Using the scaling relation for the dependence of the growth
functions, the calibrated template is then applied to other cosmological models in which the
broadband power spectrum is basically the same one as in the ΛCDM model, relevant to
general dark energy models and/or a class of modified gravity models that can change both
the cosmic expansion and the growth of structure in a scale-independent manner.
We demonstrated that fitting our hybrid template to the power spectrum data in N -
body simulations, the unbiased estimation of the growth function is possible. In particular,
with the template including the corrections A + B + T , the best-fit results of the growth
functions are shown to reach at 1% accuracy at kmax . 0.18hMpc
−1. Although all the
analysis in the paper has been made at z = 0.5, we expect that the performance of our
template basically remains the same or becomes even better at higher redshifts. With the
upcoming galaxy surveys like DESI or Euclid, a severe cosmological test of gravity is thus
made possible with our hybrid template.
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Figure 10. Best-fit values of the growth functions, Gδ (top) and GΘ (bottom), for cosmological
models with different value of h. Here, based on the template with the correction terms A+ B + T ,
the growth functions are determined by fitting the template to the measured power spectrum at
k . kmax = 0.18 hMpc
−1. The resultant best-fit values are shown as function of the difference of h
from the fiducial cosmology, ∆h. For reference, the dotted lines represent the fiducial values of growth
functions for each cosmological model.
Toward practical application, however, one crucial step is to properly incorporate the
effect of galaxy bias into the power spectrum template. To tackle this issue, our approach has
to be tested against the halo or mock galaxy catalogs based on an appropriate prescription
for halo/galaxy bias [62]. Another important generalization is to seek a flexible template in
which the broadband shape of the power spectrum is allowed to vary. To do this, one needs
to exploit the fast PT calculation as well as to find a more cleaver way to calibrate the power
spectrum with N -body simulation. We will hopefully report our progress near future.
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A Explicit functional form of Bn, Fn, and Tn
In this Appendix, we present the explicit form of the scale-dependent coefficients for the
higher-order correction terms, B, T , and F , given at Eqs. (2.37), (2.38), and (2.39).
Here, we write down the expressions in the fiducial cosmological model. First, the B
term is divided into four pieces:
B¯(k, µ) = j21
∫
d3x eik·x 〈A1A2〉c 〈A1A3〉c
=
4∑
n=1
B¯n (A.1)
with the terms Bn given by
B¯1 = j
2
1
∫
d3x eik·x 〈−uz(r
′)δ(r)〉c 〈uz(r)δ(r
′)〉c (A.2)
B¯2 = j
2
1
∫
d3x eik·x 〈−uz(r
′)δ(r)〉c 〈uz(r)∇zuz(r
′)〉c (A.3)
B¯3 = j
2
1
∫
d3x eik·x 〈−uz(r
′)∇zuz(r)〉c 〈uz(r)δ(r
′)〉c (A.4)
B¯4 = j
2
1
∫
d3x eik·x 〈−uz(r
′)∇zuz(r)〉c 〈uz(r)∇zuz(r
′)〉c (A.5)
The T term is divided into seven pieces:
T¯ (k, µ) =
1
2
j21
∫
d3x eik·x 〈A21A2A3〉c,
=
7∑
n=1
T¯n ; (A.6)
T¯1 = j
2
1
∫
d3x eik·x 〈uz(r)uz(r)δ(r)δ(r
′)〉c (A.7)
T¯2 = j
2
1
∫
d3x eik·x 〈uz(r)uz(r)δ(r)∇zuz(r
′)〉c (A.8)
T¯3 = j
2
1
∫
d3x eik·x 〈uz(r)uz(r)∇zuz(r)δ(r
′)〉c (A.9)
T¯4 = j
2
1
∫
d3x eik·x 〈uz(r)uz(r)∇zuz(r)∇zuz(r
′)〉c (A.10)
T¯5 =
1
2
j21
∫
d3x eik·x 〈−2uz(r
′)uz(r)δ(r)δ(r
′)〉c (A.11)
T¯6 = j
2
1
∫
d3x eik·x 〈−2uz(r
′)uz(r)δ(r)∇zuz(r
′)〉c (A.12)
T¯7 =
1
2
j21
∫
d3x eik·x 〈−2uz(r
′)uz(r)∇zuz(r)∇zuz(r
′)〉c (A.13)
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Finally, the F term is divided into three pieces:
F¯ (k, µ) = −j21
∫
d3x eik·x 〈uzu
′
z〉c〈A2A3〉c
=
3∑
n=1
F¯n ; (A.14)
F¯1 = −j
2
1
∫
d3x eik·x 〈uzu
′
z〉c〈δ(r)δ(r
′)〉c (A.15)
F¯2 = −2j
2
1
∫
d3x eik·x 〈uzu
′
z〉c〈δ(r)∇zuz(r
′)〉c (A.16)
F¯3 = −j
2
1
∫
d3x eik·x 〈uzu
′
z〉c〈∇zuz(r)∇zuz(r
′)〉c. (A.17)
References
[1] J. C. Jackson, A critique of Rees’s theory of primordial gravitational radiation, MNRAS 156
(1972) 1P.
[2] W. L. W. Sargent and E. L. Turner, A statistical method for determining the cosmological
density parameter from the redshifts of a complete sample of galaxies,
ApJL 212 (Feb., 1977) L3–L7.
[3] P. J. E. Peebles, The large-scale structure of the universe. 1980.
[4] N. Kaiser, Clustering in real space and in redshift space, MNRAS 227 (July, 1987) 1–21.
[5] J. A. Peacock and S. J. Dodds, Reconstructing the Linear Power Spectrum of Cosmological
Mass Fluctuations, MNRAS 267 (Apr., 1994) 1020, [arXiv:astro-ph/9311057].
[6] W. E. Ballinger, J. A. Peacock and A. F. Heavens, Measuring the cosmological constant with
redshift surveys, MNRAS 282 (Oct., 1996) 877, [arXiv:astro-ph/9605017].
[7] E. V. Linder, Cosmic growth history and expansion history,
Physical Review D 72 (Aug., 2005) 043529, [arXiv:astro-ph/0507263].
[8] L. Guzzo, M. Pierleoni, B. Meneux, E. Branchini, O. Le Fe`vre, C. Marinoni et al., A test of the
nature of cosmic acceleration using galaxy redshift distortions,
Nature 451 (Jan., 2008) 541–544, [0802.1944].
[9] W. J. Percival and M. White, Testing cosmological structure formation using redshift-space
distortions, MNRAS 393 (Feb., 2009) 297–308, [0808.0003].
[10] Y.-S. Song and W. J. Percival, Reconstructing the history of structure formation using redshift
distortions, JCAP 10 (Oct., 2009) 4, [0807.0810].
[11] F. Beutler, S. Saito, H.-J. Seo, J. Brinkmann, K. S. Dawson, D. J. Eisenstein et al., The
clustering of galaxies in the SDSS-III Baryon Oscillation Spectroscopic Survey: testing gravity
with redshift space distortions using the power spectrum multipoles,
MNRAS 443 (Sept., 2014) 1065–1089, [1312.4611].
[12] B. A. Reid, L. Samushia, M. White, W. J. Percival, M. Manera, N. Padmanabhan et al., The
clustering of galaxies in the SDSS-III Baryon Oscillation Spectroscopic Survey: measurements
of the growth of structure and expansion rate at z = 0.57 from anisotropic clustering,
MNRAS 426 (Nov., 2012) 2719–2737, [1203.6641].
[13] Y.-S. Song, C. G. Sabiu, T. Okumura, M. Oh and E. V. Linder, Cosmological tests using
redshift space clustering in BOSS DR11, JCAP 12 (Dec., 2014) 005, [1407.2257].
– 21 –
[14] Y.-S. Song, A. Taruya, E. Linder, K. Koyama, C. G. Sabiu, G.-B. Zhao et al., Consistent
modified gravity analysis of anisotropic galaxy clustering using BOSS DR11,
Physical Review D 92 (Aug., 2015) 043522, [1507.01592].
[15] K. B. Fisher, On the Validity of the Streaming Model for the Redshift-Space Correlation
Function in the Linear Regime, APJ 448 (Aug., 1995) 494, [arXiv:astro-ph/9412081].
[16] A. F. Heavens, S. Matarrese and L. Verde, The non-linear redshift-space power spectrum of
galaxies, MNRAS 301 (Dec., 1998) 797–808, [arXiv:astro-ph/9808016].
[17] M. White, The redshift-space power spectrum in the halo model, MNRAS 321 (Feb., 2001) 1–3,
[arXiv:astro-ph/0005085].
[18] U. Seljak, Redshift-space bias and β from the halo model,
MNRAS 325 (Aug., 2001) 1359–1364, [arXiv:astro-ph/0009016].
[19] X. Kang, Y. P. Jing, H. J. Mo and G. Bo¨rner, An analytical model for the non-linear
redshift-space power spectrum, MNRAS 336 (Nov., 2002) 892–900, [arXiv:astro-ph/0201124].
[20] J. L. Tinker, D. H. Weinberg and Z. Zheng, Redshift-space distortions with the halo occupation
distribution - I. Numerical simulations, MNRAS 368 (May, 2006) 85–108,
[arXiv:astro-ph/0501029].
[21] J. L. Tinker, Redshift-space distortions with the halo occupation distribution - II. Analytic
model, MNRAS 374 (Jan., 2007) 477–492, [arXiv:astro-ph/0604217].
[22] R. Scoccimarro, Redshift-space distortions, pairwise velocities, and nonlinearities,
Physical Review D 70 (Oct., 2004) 083007, [arXiv:astro-ph/0407214].
[23] T. Matsubara, Resumming cosmological perturbations via the Lagrangian picture: One-loop
results in real space and in redshift space, Physical Review D 77 (Mar., 2008) 063530,
[0711.2521].
[24] T. Matsubara, Nonlinear perturbation theory with halo bias and redshift-space distortions via
the Lagrangian picture, Physical Review D 78 (Oct., 2008) 083519, [0807.1733].
[25] V. Desjacques and R. K. Sheth, Redshift space correlations and scale-dependent stochastic
biasing of density peaks, Physical Review D 81 (Jan., 2010) 023526, [0909.4544].
[26] A. Taruya, T. Nishimichi and S. Saito, Baryon acoustic oscillations in 2D: Modeling
redshift-space power spectrum from perturbation theory,
Physical Review D 82 (Sept., 2010) 063522, [1006.0699].
[27] A. Taruya, T. Nishimichi and F. Bernardeau, Precision modeling of redshift-space distortions
from a multipoint propagator expansion, Physical Review D 87 (Apr., 2013) 083509,
[1301.3624].
[28] T. Matsubara, Nonlinear perturbation theory integrated with nonlocal bias, redshift-space
distortions, and primordial non-Gaussianity, Physical Review D 83 (Apr., 2011) 083518,
[1102.4619].
[29] T. Okumura and Y. P. Jing, Systematic Effects on Determination of the Growth Factor from
Redshift-space Distortions, APJ 726 (Jan., 2011) 5, [1004.3548].
[30] T. Okamura, A. Taruya and T. Matsubara, Next-to-leading resummation of cosmological
perturbations via the Lagrangian picture: 2-loop correction in real and redshift spaces,
JCAP 8 (Aug., 2011) 12, [1105.1491].
[31] M. Sato and T. Matsubara, Nonlinear biasing and redshift-space distortions in Lagrangian
resummation theory and N-body simulations, Physical Review D 84 (Aug., 2011) 043501,
[1105.5007].
[32] E. Jennings, C. M. Baugh and S. Pascoli, Modelling redshift space distortions in hierarchical
cosmologies, MNRAS 410 (Jan., 2011) 2081–2094, [1003.4282].
– 22 –
[33] B. A. Reid and M. White, Towards an accurate model of the redshift-space clustering of haloes
in the quasi-linear regime, MNRAS 417 (Nov., 2011) 1913–1927, [1105.4165].
[34] U. Seljak and P. McDonald, Distribution function approach to redshift space distortions,
JCAP 11 (Nov., 2011) 39, [1109.1888].
[35] J. Kwan, G. F. Lewis and E. V. Linder, Mapping Growth and Gravity with Robust Redshift
Space Distortions, APJ 748 (Apr., 2012) 78, [1105.1194].
[36] P. Zhang, J. Pan and Y. Zheng, Peculiar velocity decomposition, redshift space distortion, and
velocity reconstruction in redshift surveys: The methodology,
Physical Review D 87 (Mar., 2013) 063526, [1207.2722].
[37] Y. Zheng, P. Zhang, Y. Jing, W. Lin and J. Pan, Peculiar velocity decomposition, redshift space
distortion, and velocity reconstruction in redshift surveys. II. Dark matter velocity statistics,
Physical Review D 88 (Nov., 2013) 103510, [1308.0886].
[38] T. Ishikawa, T. Totani, T. Nishimichi, R. Takahashi, N. Yoshida and M. Tonegawa, On the
systematic errors of cosmological-scale gravity tests using redshift-space distortion: non-linear
effects and the halo bias, MNRAS 443 (Oct., 2014) 3359–3367, [1308.6087].
[39] M. White, B. Reid, C.-H. Chuang, J. L. Tinker, C. K. McBride, F. Prada et al., Tests of
redshift-space distortions models in configuration space for the analysis of the BOSS final data
release, MNRAS 447 (Feb., 2015) 234–245, [1408.5435].
[40] T. Okumura, N. Hand, U. Seljak, Z. Vlah and V. Desjacques, Galaxy power spectrum in
redshift space: Combining perturbation theory with the halo model,
Physical Review D 92 (Nov., 2015) 103516, [1506.05814].
[41] E. Jennings, R. H. Wechsler, S. W. Skillman and M. S. Warren, Disentangling redshift-space
distortions and non-linear bias using the 2D power spectrum,
MNRAS 457 (Mar., 2016) 1076–1088, [1508.01803].
[42] D. Bianchi, M. Chiesa and L. Guzzo, Improving the modelling of redshift-space distortions - I.
A bivariate Gaussian description for the galaxy pairwise velocity distributions,
MNRAS 446 (Jan., 2015) 75–84, [1407.4753].
[43] D. Bianchi, W. Percival and J. Bel, Improving the modelling of redshift-space distortions - II. A
pairwise velocity model covering large and small scales, ArXiv e-prints (Feb., 2016) ,
[1602.02780].
[44] F. Simpson, C. Blake, J. A. Peacock, I. K. Baldry, J. Bland-Hawthorn, A. F. Heavens et al.,
Galaxy and mass assembly: Redshift space distortions from the clipped galaxy field,
Physical Review D 93 (Jan., 2016) 023525, [1505.03865].
[45] N. Hand, U. Seljak, F. Beutler and Z. Vlah, Extending the modeling of the anisotropic galaxy
power spectrum to k = 0.4 hMpc−1, ArXiv e-prints (June, 2017) , [1706.02362].
[46] Y. Zheng and Y.-S. Song, Study on the mapping of dark matter clustering from real space to
redshift space, JCAP 8 (Aug., 2016) 050, [1603.00101].
[47] Planck Collaboration, P. A. R. Ade, N. Aghanim, M. Arnaud, M. Ashdown, J. Aumont et al.,
Planck 2015 results. XIII. Cosmological parameters, ArXiv e-prints (Feb., 2015) , [1502.01589].
[48] S. Cole, K. B. Fisher and D. H. Weinberg, Fourier Analysis of Redshift Space Distortions and
the Determination of Omega, MNRAS 267 (Apr., 1994) 785, [astro-ph/9308003].
[49] M. S. Vogeley, C. Park, M. J. Geller, J. P. Huchra and J. R. Gott, III, Topological analysis of
the CfA redshift survey, APJ 420 (Jan., 1994) 525–544.
[50] D. Blas, M. Garny and T. Konstandin, Cosmological perturbation theory at three-loop order,
JCAP 1401 (2014) 010, [1309.3308].
– 23 –
[51] F. Bernardeau, A. Taruya and T. Nishimichi, Cosmic propagators at two-loop order,
Physical Review D 89 (2014) 023502, [1211.1571].
[52] T. Nishimichi, F. Bernardeau and A. Taruya, Response function of the large-scale structure of
the universe to the small scale inhomogeneities, Phys. Lett. B762 (2016) 247–252, [1411.2970].
[53] D. Baumann, A. Nicolis, L. Senatore and M. Zaldarriaga, Cosmological non-linearities as an
effective fluid, JCAP 7 (July, 2012) 51, [1004.2488].
[54] J. J. M. Carrasco, M. P. Hertzberg and L. Senatore, The effective field theory of cosmological
large scale structures, Journal of High Energy Physics 9 (Sept., 2012) 82, [1206.2926].
[55] M. P. Hertzberg, Effective field theory of dark matter and structure formation: Semianalytical
results, Physical Review D 89 (Feb., 2014) 043521, [1208.0839].
[56] T. Baldauf, L. Mercolli and M. Zaldarriaga, Effective field theory of large scale structure at two
loops: The apparent scale dependence of the speed of sound,
Physical Review D 92 (2015) 123007, [1507.02256].
[57] Y. Zheng, P. Zhang and M. Oh, Quantification of the multi-streaming effect in redshift space
distortion, JCAP 5 (May, 2017) 030, [1611.09075].
[58] F. Bernardeau, M. Crocce and R. Scoccimarro, Multi-Point Propagators in Cosmological
Gravitational Instability, Physical Review D 78 (2008) 103521, [0806.2334].
[59] F. Bernardeau, M. Crocce and R. Scoccimarro, Constructing Regularized Cosmic Propagators,
Physical Review D 85 (2012) 123519, [1112.3895].
[60] A. Taruya, F. Bernardeau, T. Nishimichi and S. Codis, Direct and fast calculation of
regularized cosmological power spectrum at two-loop order,
Physical Review D 86 (Nov., 2012) 103528, [1208.1191].
[61] F. Bernardeau, T. Nishimichi and A. Taruya, Cosmic shear full nulling: sorting out dynamics,
geometry and systematics, MNRAS 445 (Dec., 2014) 1526–1537, [1312.0430].
[62] Z. Y., Y. Song and M. Oh, The study on the mapping of halo clustering from real space to
redshift space, in preparation.
– 24 –
